Honey bees (Hymenoptera: Apidae) are essential economic insect, and they provide humans with a rich assortment of bee products, like honey, pollen, royal jelly, and propolis. In addition, they also play a key role in maintaining the biodiversity of ecosystems ([@CIT0007]). Nevertheless, in the past decades, honey bee colonies have suffered severe losses which has been cause for global concern ([@CIT0038], [@CIT0017]). Although the specific reasons for the decline of honey bee population are inconclusive, many experts declare that the use of pesticides in agriculture is one of the important factors that lead to population decline ([@CIT0024], [@CIT0043]). In recent years, the use of low-toxicity pesticides in agriculture has alleviated the acute deaths of bees caused by high-toxicity pesticides, but its sublethal effects on bees cannot be neglected.

Numerous studies have demonstrated the sublethal effects of pesticides on tissue development, physiology, biochemistry, and behavior in honey bees. Neonicotinoids are the most widely used insecticides across the world. Sublethal doses of the neonicotinoids imidacloprid, thiamethoxam, clothianidin, and thiacloprid not only can cause harm to bees brain and midgut development ([@CIT0014], [@CIT0036], [@CIT0037]), but also reduce their learning, foraging, and homing abilities ([@CIT0026], [@CIT0041], [@CIT0002], [@CIT0046]). In addition, many other commonly used insecticides, such as pyrethroids and organophosphorus pesticides, have also been reported to negatively affect bee tissue development and various behaviors ([@CIT0015], [@CIT0031], [@CIT0033], [@CIT0050]). Compared with insecticides, the effects of fungicides and herbicides routinely used in agriculture on bee health were less studied. In recent years, many studies have found fungicides in bee products ([@CIT0047], [@CIT0008], [@CIT0048]); it is necessary to study the effects of fungicides on honey bees.

Carbendazim is an effective, low-toxicity, broad-spectrum fungicide, with remarkable control effects on the diseases caused by fungi on crops. In China, carbendazim is frequently used on camellia and seedrape crops, which constitute a large part of nectar resources ([@CIT0032]). [@CIT0047] have surveyed the pesticide residues of 48 bee pollens in eight provinces in mainland China, and their results showed that carbendazim was the highest detectable pesticide, and its maximum residue was as high as 4,516 ng/g. Although carbendazim is not acutely lethal at field levels ([@CIT0008a]), the subchronic effects on honey bees' health remain to be further explored.

To evaluate honey bee health, some biomarkers are usually used to evaluate physiological effects of environmental stressors ([@CIT0006], [@CIT0009], [@CIT0004]). Acetylcholinesterase (AChE) is an enzyme that controls the neuronal activity of cholinergic synapses ([@CIT0005]). Cytochrome P450 monooxygenase (P450), glutathione-*S*-transferase (GST), and carboxylesterases (CarE) are important enzymes involved in the detoxification and endocrine systems ([@CIT0035], [@CIT0020], [@CIT0023]). Moreover, previous reviews have declared that pesticide-induced immune stress is also a possible mechanism of toxicity in insects ([@CIT0028]), and antimicrobial peptides are a key component of honey bee innate immunity ([@CIT0019]). Forager honey bees mainly collect nectar, pollen, and water for the colonies ([@CIT0039]). Compared with the nurse bees, larvae, and queen, they are more likely to have greater and more frequent exposure to pesticides. In this study, the effects of field-realistic concentration of carbendazim (4.516, 0.4516, and 0.04516 ppm) on survival, biomarkers (AChE, P450, GST, and CarE), and immune-related antimicrobial peptide genes (*hymenoptaecin*, *defensin*, *apidaecin*, and *abaecin*) expression in forager bees were investigated.

Material and Methods {#s1}
====================

Honey Bee Foragers {#s2}
------------------

Two frames with sealed brood were taken from a healthy colony at the Institute of Apiculture Research of Anhui Agricultural University (Hefei, China). The frames were held in an incubator under the following conditions: 34°C, a relative humidity (RH) of 60%, and in darkness. After 12 h, about 3,000 newly emerged bees were obtained and marked on the thorax with red paint. Then bees were placed back to the original colony. After 24 d, we collected the marked forager bees and put them into plastic cages.

Pesticide Exposure {#s3}
------------------

The residues of carbendazim range from 3.2 to 4,516 ng/g in trapped pollen in China ([@CIT0047]). Based on this, 4.516, 0.4516, and 0.04516 ppm of carbendazim were selected as the field-realistic concentrations. Carbendazim (50% wettable powder; ZhB, Beijing, China) was dissolved in 50% (w/v) sucrose--water solution, and three doses of carbendazim (50% wettable powder), 9.032, 0.9032, and 0.09032 ppm (active ingredients: 4.516, 0.4516, and 0.04516 ppm), were prepared. Forager bees were provided with enough 50% sucrose--water solution containing certain concentrations of pesticide or only sucrose--water solution as control. During feeding, wettable powder might have fallen out of solution, resulting in exposure to higher or lower concentration of carbendazim than intended. Thirty bees were counted into each cage (replicate), and each treatment has three replicates. The cages were maintained at 28°C, an RH of 70%, and in darkness. We recorded and removed the dead bees daily while replaced the food every 2 or 3 d. After 10 d, all living bees were gathered and stored at −80°C.

Measurement of Enzyme Activity {#s4}
------------------------------

Five bee midguts from each replicate were pooled to measure the activities of P450, GST, and CarE, while five bee heads were used for AChE activity. The tissue samples were put in a precooled 15-ml centrifuge tube and then 1 ml of 0.1 mol/liter phosphate buffer (containing 0.1% Triton X-100, pH 8.0) was added. The mixtures were homogenized with an electric pestle in an ice bath and then centrifuged at 12,000 × *g* for 30 min at 4°C. The supernatants were collected as enzyme sources for enzyme activity assays. Total protein concentration of each enzyme source was measured by BCA protein assay kit (Bestbio, Shanghai, China). The activities of GST and AChE were measured using the procedures previously described by [@CIT0053] and [@CIT0021], respectively. CarE activity was measured as previously described, and α-naphthyl acetate was used as the substrate ([@CIT0003]). 7-Ethoxycoumarin was used as the substrate to measure P450 7-ethoxycoumarin-*O*-deethylase (7-ECOD) activity following the method of [@CIT0001].

Real-Time Quantitative PCR {#s5}
--------------------------

A total of five bee midguts from each replicate were pooled for total RNA extraction using RNAiso Plus reagent (Takara, Dalian, China). Then 0.5 μg of total RNA from each sample was prepared to obtain the cDNA using ReverTra Ace qPCR RT Master Mix Kit (Toyobo, Osaka, Japan) according to the manufacturer's protocol. SuperReal PreMix Plus (SYBR Green) Kit (Tiangen, Beijing, China) was used to perform real-time quantitative PCR assay. *RpS5* was used as reference gene for normalizing the expression levels of the target genes. All the primers used are listed in [Table 1](#T1){ref-type="table"}. The relative expression levels of the target genes were calculated using the comparative 2^−ΔCt^ method ([@CIT0042]).

###### 

Primer sequences

  Genes                       Primer sequence (5′--3′)     Amplification efficiency
  --------------------------- ---------------------------- --------------------------
  *apidaecin*                 F: TTTTGCCTTAGCAATTCTTGTTG   0.949
  R: GAAGGTCGAGTAGGCGGATCT                                 
  *abaecin*                   F: TGTCGGCCTTCTCTTCATGG      0.95
  R: TGACCTCCAGCTTTACCCAAA                                 
  *hymenoptaecin*             F: ATATCCCGACTCGTTTCCGA      0.973
  R: TCCCAAACTCGAATCCTGCA                                  
  *defensin*                  F: TGTCGGCCTTCTCTTCATGG      0.946
  R:TGACCTCCAGCTTTACCCAAA                                  
  *RpS5*                      F: AATTATTTGGTCGCTGGAATTG    0.954
  R: TAACGTCCAGCAGAATGTGGTA                                

Data Analysis {#s6}
-------------

Log-rank Kaplan--Meier survival analyses were used to compare survival among the four groups. Significant differences among all groups for enzymes activities and genes expression were evaluated using one-way analysis of variance (ANOVA) followed by Duncan's multiple range test. All statistical analyses were conducted by IBM SPSS Statistics 24 software.

Results {#s7}
=======

Survival of the Forager Bees {#s8}
----------------------------

As shown in [Fig. 1](#F1){ref-type="fig"}, the average survival rate on day 10 for the forager bees exposed to 4.516, 0.4516, 0.04516 ppm carbendazim, and control of 50% sucrose--water solution were 94.5, 92.2, 92.2, and 96.7%, respectively. There were no significant differences among all treatments (Log-rank χ^2^ = 1.914, df = 3, *P* = 0.594; [Fig. 1](#F1){ref-type="fig"}).

![Survival of forager bees subjected to chronic exposure to field-realistic concentrations of carbendazim over 10 d. Survival among the four groups was compared by log-rank Kaplan--Meier survival analyses.](iey06901){#F1}

Enzyme Activities {#s9}
-----------------

After 10 d of feeding, the field-realistic concentrations of carbendazim (4.516, 0.4516, and 0.04516 ppm) did not significantly affect the activities of AChE (*F* = 0.543, df = 3, *P* = 0.666), GST (*F* = 0.572, df = 3, *P* = 0.649), and CarE (*F* = 1.642, df = 3, *P* = 0.255) in forager bees ([Fig. 2A](#F2){ref-type="fig"}). However, the activity of P450 (7-ECOD) in forager bees was downregulated by 4.516 ppm of carbendazim (*F* = 6.644, df = 3, *P* \< 0.05; [Fig. 2B](#F2){ref-type="fig"}).

![Activities of acetylcholinesterase, glutathione-*S*-transferase, carboxylesterase (A), and cytochrome P450 monooxygenase (B) in forager bees after exposed to field-realistic concentrations of carbendazim over 10 d. Data are mean ± SE. Different lowercase letters on the bars indicate significant difference among groups based on Duncan's multiple range test (*P* \< 0.05). AChE = acetylcholinesterase; GST = glutathione-*S*-transferase; CarE = carboxylesterases; P450 (7-ECOD) = 7-ethoxycoumarin-*O*-deethylase.](iey06902){#F2}

Expression of Antimicrobial Peptide Genes {#s10}
-----------------------------------------

The relative expression levels of four antimicrobial peptide genes in forager bees fed on different sucrose--water solution are shown in [Fig. 3](#F3){ref-type="fig"}. There were no significant differences in the expression levels of *defensin* (*F* = 0.693, df = 3, *P* = 0.581) and *abaecin* (*F* = 0.392, df = 3, *P* = 0.762) among all treatments ([Fig. 3](#F3){ref-type="fig"}). While groups treated at 4.516, 0.4516, and 0.04516 ppm of carbendazim, all significantly inhibited *hymenoptaecin* (*F* = 46.081, df = 3, *P* \< 0.01) and *apidaecin* (*F* = 101.359, df = 3, *P* \< 0.01) expression in forager bees.

![Relative expression levels of four antimicrobial peptide genes in forager bees after exposed to field-realistic concentrations of carbendazim over 10 d. Data are mean ± SE. Different capital letters on the bars indicate significant difference among groups (*P* \< 0.01, Duncan's multiple range test).](iey06903){#F3}

Discussion {#s11}
==========

Carbendazim is nowadays widely used to control fungus in various nectariferous crops ([@CIT0032]). Recently, many studies have detected carbendazim residue in bee products, e.g., honey and pollen ([@CIT0047], [@CIT0048]). Honey bees are important pollination insects ([@CIT0007]), and they can be exposed to carbendazim by consuming contaminated nectar and pollen. In this study, the effects of field-realistic concentrations of carbendazim (4.516, 0.4516, and 0.04516 ppm) on the survival, biomarker enzyme activity, and antimicrobial peptide genes expression in forager bees were evaluated. Our results indicated that field-realistic concentrations of carbendazim had no risk on the survival of forager bees during 10-d oral exposure. This finding is similar with the report of [@CIT0051] that sublethal concentrations of carbendazim (0.25 and 0.75 mg/g) do not affect the eclosion rate of honey bee larvae.

In regard to biomarkers, AChE is an enzyme that controls the neuronal activity of cholinergic synapses in insect ([@CIT0005]). P450, GST, and CarE are important detoxification enzymes in honey bees. P450 and CarE play major roles in phaseⅠmetabolism or detoxification of toxins, while GST is mainly involved in phase II detoxification ([@CIT0022]). In the present study, carbendazim had no obvious effects on the activities of AChE, GST, and CarE in forager bees, but P450 (7-ECOD) activity was significantly inhibited by 4.516 ppm of carbendazim (*P* \< 0.05). Previous studies showed that inhibiting P450 activity can greatly increase toxicity of several pyrethroids ([@CIT0029], [@CIT0030]) and neonicotinoid insecticides ([@CIT0027], [@CIT0034]) to honey bees. The ergosterol biosynthesis inhibitor (EBI) fungicides are known to suppress P450 activity ([@CIT0025]), and the presence of some EBI fungicides can also enhance neonicotinoids toxicity to honey bees ([@CIT0044], [@CIT0040], [@CIT0049]).

Antimicrobial peptides are a key component of the honey bee innate humoral immunity ([@CIT0019]). Four antimicrobial peptides, apidaecin ([@CIT0011]), abaecin ([@CIT0012]), hymenoptaecin ([@CIT0013]), and defensin ([@CIT0010]) have been confirmed in honey bees, and they display a wide spectrum activity against protozoa, bacteria, and fungi. In this study, two antimicrobial peptide genes, *hymenoptaecin* and *apidaecin*, were significantly inhibited by field-realistic concentrations of carbendazim (*P* \< 0.01). Apidaecin belongs to the prolin-rich apidaecin family and shows higher efficiency against G-bacteria, while hymenoptaecin is a member of glycin-rich peptide family and restrains the growth of both G+ and G− bacteria ([@CIT0011], [@CIT0013]; [@CIT0016]). The carbendazim-induced reduction of *hymenoptaecin* and *apidaecin* here suggests adverse impact on immune systems in forager bees ([@CIT0018], [@CIT0045]).

In summary, the field-realistic concentrations of carbendazim (4.516, 0.4516, and 0.04516 ppm) showed no negative effect on the survival of forager honey bees, but can disturb immune system and P450-mediated detoxification. This is likely to increase the risk of honey bees to other environment stressors, such as pathogens and insecticides, and cause potential harm to the development of the colony. However, in this study, we used formulation-grade carbendazim (50% wettable powder) instead of technical-grade carbendazim. Because the 50% wettable powder is composed of 50% active carbendazim ingredient and the other ingredient. Then, we may just surmise that the formulation-grade carbendazim (50% wettable powder) shows negative impacts on honey bees. Future studies should focus on the effects of technical-grade carbendazim in honey bees.
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